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(57) Devices and methods are disclosed that pro- 
vide effective utilization of light beams produced from 
multiple EUV-light sources, especially such sources that 
have been bundled. An embodiment of an EUV-source 
device comprises multiple individual EUV-light sources 
each providing a respective point-light source of EUV 
radiation propagating as a respective beam from each 
point-light source. A reflective focusing-optical system 
is situated downstream of the EUV-light sources, and is 
configured to focus the beams from the point-light sourc- 



es at a focus point. A variable-angle mirror is situated 
downstream of the focusing-optical system and is con- 
figured to reflect light of the respective beams from the 
point-light sources that has been reflected by the focus- 
ing-optical system. A mirror-tilting mechanism is cou- 
pled to the variable-angle mirror. The mechanism, when 
activated, tilts the mirror by a respective angle corre- 
sponding to the particular beam from one of the point- 
light sources that is incident on the mirror. This produces 
a composite beam propagating in a constant direction 
from the variable-angle mirror. 
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Description 
Field 

[0001] This disclosure pertains to sources of "soft X- 
ray" (SXR; also termed "extreme ultraviolet" or EUV) 
light. This disclosure also pertains to optical systems 
that include such sources, and to apparatus and sys- 
tems including such optical systems, such as EUV li- 
thography (EUVL) systems, SXR microscopes, and 
SXR analysis apparatus. 



Background 

[0002] In recent years, with the incessant demand for 
increasingly smaller active circuit elements in semicon- 
ductor integrated circuits and other microelectronic de- 
vices, there has been an urgent demand for projection- 
microlithography systems capable of achieving pattern 
transfer with increasingly greater resolution of fine cir- 
cuit patterns. In this regard, the resolution limitations of 
optical (VUV) microlithography have become burden- 
some, resulting in an extensive current effort to develop 
a practical "next generation lithography" (NGL) system. 
Promising NGL approaches are directed to the use of 
wavelengths substantially shorter than VUV, namely the 
X-ray wavelengths. 

[0003] An X-ray projecnon-microlithograpby system 
(/.e. f an X-ray "transfer-exposure" apparatus) typically 
comprises an X-ray source, an illumination-optical sys- 
tem, a reticle stage (for holding a pattern-defining pat- 
tern to be transfer-exposed), an image-formation-opti- 
cal (projection-optical) system, and a substrate stage 
(for holding a lithographic substrate such as a semicon- 
ductor wafer coated wick a suitable "resist"). An espe- 
cially large amount of expense and effort has been di- 
rected to the development of a practical SXR (EUV) mi- 
crolithography system that utilizes an exposure wave- 
length in the range of 10-15 nm. These systems are 
known in the art as "EUVL" (EUV lithography) systems. 
[0004] In the development of EUVL systems, particu- 
lar attention has been directed to the development of a 
practical EUV light source Originally synchrotron radia- 
tion (SR) sources were used. However, SR sources are 
extremely large and expensive and provide EUV light 
intensity that is too low for practical use in lithography. 
Hence, substantial effort currently is being directed to 
the development of laser-plasma EUV sources and dis- 
charge-plasma EUV sources. The currently required in- 
tensity from an EUV source is 50-1 50 W at a wavelength 
in the range of 13-14 nm and a bandwidth of 2 % (ap- 
proximately 0.3 nm). These sources are pulsatile, and 
the current exposure-control requirements demand a 
pulse frequency of 5 KHz or more for best exposure uni- 
formity, etc. 

[0005] Another important variable concerning an EUV 
source is "etendue," which is a product of the area of 
the light source and the solid angle of radiation from the 



source, Desirably, the etendue does not exceed the 
product of the area of the illumination region and the 
solid angle of the illumination beam. In an EUVL system 
the area of the illumination region as well as the solid 

5 angle of the illumination beam are smaller than the area 
and solid angle, respectively, of the illumination beam 
in a conventional optical microlithography system. De- 
sirably, the etendue is approximately 1 mm 2 str or less. 
If etendue were allowed to increase above this limit, it 

10 theoretically would become impossible to guide such a 
beam to an illumination region. 

[0006] In a discharge-plasma EUV source an elec- 
trode material or other substance ("target substance") 
is situated or placed in the vicinity of electrodes between 
'5 which an electrical discharge is created. The discharge 
creates a plasma that, in the presence of the target sub- 
stance, produces SXR radiation. An advantage of dis- 
charge-plasma EUV sources is simplicity and compact- 
ness of construction, compared to laser-plasma EUV 
20 sources and SR EUV sources. Also, the amount of SXR 
radiation emitted from a discharge-plasma EUV source 
is relatively large, due in part to the relatively high effi- 
ciency with which SXR radiation is produced per unit of 
electrical power consumed by the source. These sourc- 
es es also are low in cost. Discharge-plasma EUV sources 
can have any of various specific configurations currently 
under development, such as a "Z-pinch" configuration, 
a "capillary" configuration, and a "plasma-focus" config- 
uration. 

so [0007] The maximum outputfrom a discharge-plasma 
EUV source is limited mainly by the thermal-load limit of 
the source. In any of the configurations of discharge- 
plasma EUV sources listed above, a large electrical cur- 
rent passes between the electrodes and from the elec- 
ts trodes through the generated plasma. Since the elec- 
trodes and plasma have some electrical resistance, the 
large current produces substantial electrode heating. In 
addition, since the plasma is generated in the vicinity of 
the electrodes, heat from the plasma also is transmitted 
40 by irradiation to the electrodes, which further increases 
the heat load on the electrodes. 
[0008] In order to reduce SXR absorption by gas in 
the vicinity of the plasma, discharge-plasma sources 
that generate SXR (EUV) wavelengths typically are en- 
45 closed in a chamber evacuated to a high vacuum. The 
vacuum environment in the chamber inhibits rapid dis- 
sipation of heat from the source by convection or ther- 
mal conduction. This inability to dissipate heat from the 
electrodes causes further heat accumulation in the elec- 
50 trodes. 

[0009] Increases in electrode temperature are espe- 
cially pronounced at high pulse frequencies of plasma 
generation. Under such conditions the temperature in- 
crease can be sufficiently high to melt the electrodes, 
55 rendering plasma (and thus EUV) generation impossi- 
ble. 

[0010] By limiting this type of thermal load on a dis- 
charge-plasma EUV source, the achievable EUV output 
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from the source is limited to approximately 20-30 W, 
which is substantially less than the EUV output (50-150 
W) required by an EUVL system. 
[001 1] A conventional manner of increasing the EUV 
output from the source involves "bundling" multiple in- 
dividual discharge-plasma EUV sources 7, as shown in 
FIG. 1 . However, as shown In FIG. 2, merely bundling 
multiple sources 7 in this manner increases the effective 
width of the collective light source to an extent that the 
etendue of EUV light produced by the bundled source 
is too large for effective utilization of the EUV beam from 
the source. FIG. 2(a) depicts an end view (axial view) of 
a single discharge-plasma EUV source 7, showing the 
light-emission portion 8. The diameter of the light-emis- 
sion portion 8 (approximately 0.1 mm or less) is small 
compared to the outside diameter of the source 7 (ap- 
proximately 10 mm or more). The etendue in this in- 
stance is determined by the solid angle of the down- 
stream focusing optical system and the area of the light- 
emission portion 8. 

[0012] In a bundled source, in contrast, the effective 
light-source area that determines etendue is not the sum 
of the areas of the individual light-emission portions, but 
rather the area of the smallest circle encompassing all 
of the individual light-emission portions of the respective 
individual sources. For example, in FIG. 2(b) four indi- 
vidual discharge-plasma EUV sources 7a-7d are bun- 
dled. The effective light-source area is the area of the 
circle 11 circumscribing ail the individual light-emission 
portions 8a-8d. Hence, the etendue of the bundled 
source is substantially larger than of an individual con- 
stituent source of the bundle. As a result, with the con- 
ventional bundled source, the output of EUV light that 
actually can be used is insignificantly increased over 
that of an individual source. 

Summary 

[0013] In view of the shortcomings of conventional 
discharge-plasma extreme ultraviolet (EUV, or SXR) 
sources as summarized above, the present invention 
provides, inter alia, EUV-source devices comprising 
multiple individual EUV-light sources that are bundled 
in a manner that substantially increases the usable 
quantity of light produced by the source device, com- 
pared to conventional bundled-source devices. Also 
provided are EUV lithography (EUVL) systems and 
methods utilizing such EUV-source devices. 
[0014] According to a first aspect of the invention, 
EUV-source devices are provided. An embodiment of 
such a device comprises multiple individual EUV-light 
sources each providing a respective point- light source 
of EUV radiation propagating as a respective beam from 
each point-light source. The EUV-source device also in- 
cludes a reflective foe using- optical system, a variable- 
angle mirror, and a mirror-tilting mechanism. The focus- 
ing-optical system is situated downstream of the EUV- 
light sources, and Is configured to converge the beams 



from the point-light sources at a focus point. The varia- 
ble-angle mirror desirably is a planar mirror and is situ- 
ated downstream of the focusing-optical system and is 
configured to reflect light of the respective beams from 

s the point-light sources that has been reflected by the 
focusing-optical system. The minor-tilting mechanism, 
desirably a piezo-electric actuator, is coupled to the var- 
iable-angle mirror. The mirror-tilting mechanism is con- 
figured, when actuated, to tilt the mirror by a respective 

10 angle corresponding to the particular beam from one of 
the point-light sources that currently is incident on the 
variable-angle mirror. Thus, a composite beam of EUV 
light is produced that propagates in a constant direction 
from the variable-angle mirror. 

15 [0015] The focus point desirably is situated on the sur- 
face of the variable-angle mirror. More desirably, the fo- 
cus point is situated at a midpoint on the surface of the 
variable-angle mirror, wherein the midpoint is an inter- 
section of X- and Y- tilt axes of the variable-angle mirror. 

20 The focus point can be situated upstream or down- 
stream of the variable-angle mirror. 
[0016] The individual EUV-light sources typically are 
bundled together. By way of example, the individual 
EUV-light sources are discharge-plasma sources or la- 

25 ser-plasma sources. 

[0017] The EUV-source device further can comprise 
a controller connected to each of the EUV-light sources 
and to the mirror-tilting mechanism. The controller is 
configured to route respective control commands to the 

30 EUV-light sources and to the mirror-tilting mechanism 
so as to cause the EUV-light sources to produce the re- 
spective beams and to actuate the mirror-tilting mecha- 
nism in a controlled manner so as to contribute the re- 
spective beams to the composite beam. The controller 

35 also can be used to control production of pulsatile re- 
spective beams from the EUV-light sources and contri- 
bution of the respective beams to the composite beam 
such that the resultant pulses contributed to the com- 
posite beam do not overlap each other while producing 

^0 a substantially continuous composite beam. Alternative- 
ly, the controller can be used to control production of 
pulsatile respective beams from the EUV-light sources 
and contribution of the respective beams to the compos- 
ite beam such that respective time intervals are inter- 

45 posed between at least some of the pulses in the com- 
posite beam. 

[0018] The EUV-source device further can comprise 
a respective planar mirror for each respective beam pro- 
duced by the EUV-light sources. The planar mirrors are 

50 situated, between the focusing-optical system and the 
variable-angle mirror, along respective trajectories of 
the respective beams from the respective EUV-light 
sources. The planar mirrors are configured to reflect the 
respective beam to the variable-angle mirror. 

55 [0019] Each of the respective beams from the EUV- 
light sources has a respective principal ray. The princi- 
pal rays can be oriented in a manner such that they col- 
lectively define a cone having an axis of rotation and an 
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apex representing an intersection point of the principal 
rays of the respective beams. The variable-angle mirror 
desirably is situated at the apex of the cone. In this con- 
figuration the composite beam reflected from the varia- 
ble-angle mirror has a principal ray that is coaxial with s 
the axis of rotation extending downstream of the varia- 
ble-angle mirror. 

[0020] If the individual EUV-light sources are bundled 
together, then each EUV-light source can be inclined rel- 
ative to the optical axis of the focusing-optical system n 
such that each respective beam provides its strongest 
light-emission intensity to the focus point. 
[0021] Each respective beam from the EUV-light 
sources can be regarded as having a respective focus 
point and a respective principal ray. The respective prin- « 
cipal rays desirably intersect each other at an intersec- 
tion point, on the reflective surface of the variable-angle 
mirror, at which a principal ray of the composite beam 
intersects the reflective surface. In one configuration the 
respective focus points are situated, upstream of the 2c 
variable-angle mirror, on a spherical surface that is con- 
centric with the intersection point. This configuration fur- 
ther can camprise a respective planar mirror for each 
respective beam produced by the EUV-light sources. 
Each planar mirror is situated, upstream of the focus 25 
point of the respective beam from the respective EUV- 
light source, along the respective optical path of the re- 
spective beam from the respective EUV-light source and 
being configured to reflect the respective beam to the 
variable-angle mirror. In another configuration the re- 30 
spective focus points are situated, downstream of the 
variable-angle mirror, on a spherical surface that is con- 
centric with the intersection point. This configuration fur- 
ther can comprise a respective planar mirror for each 
respective beam produced by the EUV-light sources. 35 
The planar mirrors are situated, between the focusing- 
optical system and the variable-angle mirror, along re- 
spective trajectories of the respective beams from the 
respective EUV-light sources and being configured to 
reflect the respective beam to the variable-angle mirror. 40 
[0022] In another configuration each of the beams 
from the individual EUV-light sources has a respective 
propagation axis and a respective focus point. The fo- 
cusing-optical system is shiftable in coordination with 
actuation of the EUV-light sources to direct the respec- 45 
tive propagation axes to the focus point of the focusing- 
optical system such that all the respective focus points 
are coincident at the focus point of the focusing-optical 
system. The focus point of the focusing-optical system 
desirably is situated on the surface of the variable-angle so 
mirror. This configuration further can comprise a focus- 
ing-system actuator coupled to the focusing-optical sys- 
tem so as to cause shifting of die focusing-optical sys- 
tem. A controller desirably is connected to each of the 
EUV-light sources and to the focusing-system actuator, ss 
The controller is configured to route respective control 
commands to the EUV-light sources and to the focusing- 
system actuator so as, in a controlled manner, to cause 



the EUV-light sources to produce the respective beams 
and to actuate the focusing-system actuator so as to 
contribute the respective beams to the composite beam. 
[0023] The focusing-optical system can comprise a 
separate individual focusing-optical system associated 
with each respective EUV-light source. 
[0024] A controller connected to each of the individual 
EUV-light sources can be configured to actuate the 
EUV-light sources in a controlled manner such that only 
one respective EUV-light source is producing its respec- 
tive beam at a given instant in time. 
[0025] Another aspect of the invention is directed to 
a combination of an EUV-optical system and an EUV- 
source device such as any of the configurations sum- 
marized above. 

[0026] Another aspect of the invention is directed to 
an EUV-microlithography system that comprises an illu- 
mination-optical system, an EUV-source device, and a 
projection-optical system. The illumination-optical sys- 
tem is situated and configured to direct an EUV illumi- 
nation beam to a pattern-defining reticle. The EUV- 
source device directs the illumination beam to the illu- 
mination-optical system, and can have any of the vari- 
ous configurations summarized above. The projection- 
optical system is situated downstream of the illumina- 
tion-optical system, and is configured to form an image, 
of a region of the reticle illuminated by the illumination 
beam, on a corresponding region of a substrate. 
[0027] According to yet another aspect of the inven- 
tion, methods are provided for producing a beam of EUV 
radiation. An embodiment of such a method comprises 
a step in which respective beams of EUV light are pro- 
duced from multiple selectively activatable EUV-light 
sources (the respective beams have respective princi- 
pal rays). The method also includes the steps of direct- 
ing the respective beams in a manner causing the re- 
spective principal rays to intersect each other at an in- 
tersection point and focusing each of the beams at a 
focus point. The method also includes the step of re- 
flecting, at the intersection point, light of the respective 
beams from the focusing-optical system to form a com- 
posite beam propagating in a constant direction. 
[0028] The reflecting step can comprise the step of 
providing a variable-angle mirror at the intersection 
point. Such a method includes the step of selectively tilt- 
ing the variable angle mirror in coordination with the se- 
lective activation of the EUV-light sources so as to con- 
tribute each respective beam from an actuated EUV- 
light source to the composite beam propagating in the 
constant direction. 

[0029] Each of the EUV-light sources typically produc- 
es respective pulses of EUV light. If so, then the produc- 
ing step can comprise controlling activation of each of 
the EUV-light sources such that light pulses from multi- 
ple EUV-light sources are contributed to the composite 
beam in a manner in which the contributed pulses do 
not overlap each other. Alternatively or in addition, the 
producing step can comprise controlling activation of 
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each of the EUV-light sources such that light pulses from 
multiple EUV-light sources are contributed to the com- 
posite beam in a manner in which selected time intervals 
are interposed between at least some of the contributed 
pulses in the composite beam. 

[0030] The method further can comprise the step of 
preliminarily reflecting each of the respective beams 
from the EUV-light sources before reflecting the respec- 
tive beams at the intersection point. This preliminary re- 
flection step can comprise providing a respective planar 
mirror for each respective beam produced by the EUV- 
light sources, and placing the planar mirrors along re- 
spective trajectories of the respective beams, so as to 
reflect the respective beams to the intersection point. 
[0031] The method further can comprise the step of 
orienting each EUV-light source relative to the intersec- 
tion point so as to deliver a highest respective intensity 
of EUV light at the intersection point. 
[0032] The directing step can comprise passing the 
respective beams from the EUV-light sources collective- 
ly through either a stationary or a "shiftable" focusing- 
optical system. Alternatively, the directing step can com- 
prise passing the respective beams from the EUV-light 
sources through respective focusing-optical systems. 
[0033] The method further can comprise the step of 
shifting the focusing-optical system as required to cause 
the respective principal rays of the respective beams 
from the EUV-light sources to intersect each other at the 
intersection point. 

[0034] According to yet another aspect of the inven- 
tion, methods are provided for reducing the etendue of 
an EUV-source device that forms an illumination beam 
from multiple EUV-light sources. An embodiment of 
such a method comprises producing respective beams 
of EUV light from multiple selectively activatable EUV- 
light sources (the respective beams have respective 
principal rays). The method includes the step of direct- 
ing the respective beams in a manner causing the re- 
spective principal rays to intersect each other at an in- 
tersection point and focusing each of the beams at a 
focus point. The method also includes the step of re- 
flecting, at the intersection point, light of the respective 
beams from the focusing-optical system to form a com- 
posite illumination beam propagating in a constant di- 
rection. 

[0035] The foregoing and additional features and ad- 
vantages of the invention will be more readily apparent 
from the following detailed description, which proceeds 
with reference to the accompanying drawings. 

Brief Description of the Drawings 

[0036] 

FIG. 1 is an oblique view of multiple (nine) individual 
EUV-light sources in a bundled configuration. 
FIG. 2(a) is an end view of a single EUV-light 
source. 



FIG. 2(b) is an end view of four EUV-light sources 
in a bundled configuration, as used for explaining 
the concept of "etendue." 

FIG. 3 is a schematic optical diagram of an EUV 
5 lithography (EUVL) system utilizing an EUV-source 

device according to any of various representative 
embodiments. 

FIG. 4 is a schematic optical diagram of a first rep- 
resentative embodiment of an EUV-source device. 
io FIG. 5 is a schematic diagram illustrating a desira- 
ble manner of bundling multiple EUV-light sources 
as used in the first representative embodiment. 
FIGS. 6(a)-6(c) are respective optical diagrams of 
respective embodiments of a focusing-optical sys- 
tem usable in any of various representative embod- 
iments of an EUV-source device. 
FIGS. 7(a)-7(b) are respective plots showing the 
formation of a composite beam from respective 
light-pulse trains from multiple respective EUV-light 
sources, as achieved by any of the various repre- 
sentative embodiments. 

FIG. 8 is a schematic optical diagram of a second 
representative embodiment of an EUV-source de- 
vice. 

FIG. 9 is a schematic optical diagram of a third rep- 
resentative embodiment of an EUV-source device. 
FIG. 10 is a schematic optical diagram of a fourth 
representative embodiment of an EUV-source de- 
vice. 

FIG. 11 is a schematic optical diagram showing, for 
comparison with FIG. 10, focusing achieved when 
tilting of the focusing-optical system is not per- 
formed in the fourth representative embodiment 
FIG. 1 2 is an oblique view of certain general aspects 
of focusing achieved by an EUV-source device ac- 
cording to any of the various representative embod- 
iments. 

FIG, 1 3 is a schematic optical diagram of a fifth rep- 
resentative embodiment of an EUV-source device. 
FIG. 14(a) is a schematic diagram showing opera- 
tion of an exemplary focusing-optical system as 
used in the fifth representative embodiment. 
FIG. 14(b) is an end view of a bundle of eight EUV- 
light sources as used in the fifth representative em- 
bodiment. 

Detailed Description 

[0037] A schematic optical diagram of an embodiment 
of an X-ray microlithography system that utilizes a soft 
X-ray (SXR or EUV) source device S is shown in FIG. 
3. The depicted system comprises the EUV-source de- 
vice S, an illumination -optical system, a reticle stage 
(not shown but well-understood in the art) for holding a 
reticle M, a projection -optical system, and a substrate 
stage (not shown but well-understood in the art) for hold- 
ing a substrate W (e.g., semiconductor wafer). The 
SXR-source apparatus generates an illumination beam 
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IB of SXR (EUV) fight. 

[0038] The illumination beam IB propagates to the il- 
lumination-optical system comprising mirrors Gl, IR1, 
IR2, IR3, IR4. The mirror Gl usually is a grazing-inci- 
dence mirror that reflects the glazing-incident illumina- 
tion beam IB from the source apparatus S. (Alternative- 
ly, the mirror Gl can be a multilayer-film mirror.) The mir- 
rors IR1, IR2, IR3, IR4 are multilayer-film minors each 
including a surficial multilayer film exhibiting high reflec- 
tivity to incident SXR radiation. The illumination-optical 
system also comprises a filter (not shown) that is trans- 
missive only to SXR radiation of a prescribed wave- 
length. The illumination-optical system directs the illu- 
mination beam IB, having the desired wavelength, to a 
selected region on the reticle M. 
[0039] Since there are no known materials that are 
transparent to SXR radiation of the desired wavelength, 
the reticle M must be a reflective reticle rather than a 
transmissive reticle as used for other lithography wave- 
lengths. 

[0040] The projection-optical system comprises mul- 
tiple multilayer-film mirrors PR1, PR2, PR3, PR4 that 
collectively project an image of the illuminated portion 
of the reticle M onto a corresponding location on the sub- 
strate W. Thus, the pattern defined by the reticle M is 
transfer-exposed onto the substrate W. So as to be im- 
printable with the projected pattern, the substrate W is 
coated with an exposure-sensitive material termed a 
"resist." Since SXR radiation is absorbed and attenuat- 
ed in the atmosphere, the optical trajectories from the 
source apparatus S to the substrate W must be in a suit- 
able vacuum (e.g., 1 x10' 5 Torror less). Actual exposure 
of the substrate W can be performed in a "step-and-re- 
peat," "scan-exposure," or other suitable manner, all of 
which involving controlled movements of the reticle 35 
stage and substrate state relative to each other as trans- 
fer-exposure of the pattern progresses. During expo- 
sure, the substrate W usually is situated in a separate 
chamber, termed a "substrate chamber" or "wafer cham- 
ber," that contains the substrate stage. 40 
[0041] FIG. 4 depicts details of a first representative 
embodiment of an EUV-source device. Divergent rays 
of EUV radiation are generated from each of multiple 
point-light sources 1 a-1c. The rays are converged by a 
focusing-optical system 2. (In FIG. 4, the focusing-opti- 45 
cal system 2 is denoted by an image of a transparent 
lens; however, an actual focusing-optical system 2 is ex- 
emplified by any of the respective reflective-optical con- 
figurations shown in FIGS. 6(a)-6(c), discussed later be- 
low.) Since the respective positions of the point-light so 
sources 1a-1c are different, the respective focus points 
3a-3e of the point-light sources 1a-1c are at different 
respective positions. Respective planar mirrors 4a-4c 
are placed at respective positions, upstream of the re- 
spective focus points 3a-3c, at which the mirrors do not ss 
block rays of light from any other point-light source. The 
planar mirrors 4a-4c are oriented such that the rays from 
all the point-light sources 1a-1c (and reflected by the 



respective mirrors 4a-4c) converge at a single focus 
point 6. 

[0042] Respective beams from each point-light 
source 1a-1c will propagate in different directions after 
passing through the focus point 6. By placing a variable- 
angle planar mirror 5 at the focus point 6 and tilting the 
mirror 5 (while maintaining the focus point 6 centered 
on the surface of the mirror 5), each incoming beam is 
made to propagate in the same direction downstream 
> of the mirror 5. Thus, the beam downstream of the mirror 
5 is a "composite" beam. In this regard, it is noted that 
the respective point-light sources 1 a-1 c do not emit light 
simultaneously, but rather sequentially. Hence, whenev- 
erthe point-light source 1 a is emitting light, the variable- 
: angle mirror 5 is oriented at the angle 5a. Similarly, 
whenever the point-light source 1b is emitting light, the 
variable-angle mirror 5 is oriented at the angle 5b. Sim- 
ilarly, whenever the point-light source 1 c is emitting light, 
the variable-angle mirror 5 is oriented at the angle 5c. 
[0043] The point-light sources 1a-1c and a mecha- 
nism 10 effecting tilt of the variable-angle mirror 5 are 
connected electrically to a controller 1 00 that comprises 
control circuitry necessary to coordinate the production 
of light pulses by the point-light sources 1 a-1c and cor- 
responding actuation of the mirror-tilting mechanism 1 0. 
To control the timing of pulses of light emitted from a 
discharge-plasma source, electrical triggering can be 
employed to apply a controlled train of high-energy puls- 
es to the electrodes. With a laser-plasma source, con- 
trolled timing can be achieved by controlling the emis- 
sion of pulses from the excitation laser. 
[0044] Theactualillumination-lightbeamproducedby 
an EUV-source device configured as described above 
is substantially continuous, and represents the summed 
respective pulsed outputs from multiple individual point- 
light sources, /.e., because the light output from each 
point-light source is a train of light pulses, the pulses 
from all the individual point-light sources are summed 
in a coordinated manner such that none of the light puls- 
es overlaps any other light pulse. To such end, the mir- 
ror-tilting mechanism 1 0 tilts the variable-angle mirror 5 
in a coordinated and synchronous manner to reflect, at 
the correct instant in time, each individual pulse pro- 
duced by each individual point-light source. In other 
words, by actively shifting the mirror 5 in real time to the 
appropriate angle for each incoming light pulse from a 
respective point-light source, it is possible to sum the 
pulses from all the point-light sources and to cause the 
summed pulse train to propagate downstream of the 
mirror 5 along the same optical path, regardless of the 
specific point-light source actually emitting the pulse at 
a given instant. By combining the light pulses from mul- 
tiple individual point-light sources in this manner, the re- 
sultant "composite" beam appears to diverge uniformly 
from a single focus point 6. Consequently, the etendue 
of the EUV-source device is effectively reduced, and the 
illumination-optical system can be configured to utilise 
the resulting combined light beam efficiently. Le., the 
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light reflected from the variable-angle mirror 5 in FIG. 4 
corresponds to the illumination beam 1 B that divergently 
propagates from the EU V-source device S to the illumi- 
nation-optical system in FIG. 3. 

[0045] Although FIG. 4 is necessarily two-dimension- 
al for simplicity, it will be understood that the various 
point-light sources can be arranged in any of three di- 
mensions relative to the focusing-optical system 2, In 
an exemplary embodiment, as shown in FIG. 1 , nine Z- 
pinch discharge-plasma light sources 7 are bundled and 
used as respective point-light sources. 
[0046] In general, there is an angular distribution to 
the emission intensity of light produced by a point-light 
source. Normally, the direction perpendicular to the 
light-emission portion 8 has the strongest light intensity. 
By tilting the respective individual EUV-light sources 7a- 
7c in the manner as shown in FIG. 5, the respective 
propagation directions of light from each source are 
aligned with the respective directions of the focus points 
3a-3c from the focusing-optical system 2. 
[0047] The reflective surfaces of the planar mirrors 
4a-4c and of the variable-angle planar mirror 5 each 
comprise a surficial multilayer film coating configured to 
exhibit maximal reflection to incident EUV light. For ex- 
ample, if the incident EUV light has a wavelength of 
13-14 nm, then the mutti layer film comprises alternating 
layers of Mo and Si; if the incident EUV light has a wave- 
length of 11 nm, then the multilayer film comprises al- 
ternating layers of Mo and Be. 

[0048] Note that reflectance from a multiiayer-f ilm mir- 
ror varies according to the angle of incidence of light on 
the mirror. This phenomenon can exist with the variable- 
angle planar mirror 5. Whenever reflectance varies in 
this manner, the intensity of light reflected from the mir- 
ror varies correspondingly, which can contribute to a 
fluctuation in the exposure dose. Hence, the angle of 
incidence of light to each of the planar mirrors 4a-4c de- 
sirably is substantially constant (within a range that sat- 
isfies specifications). If the angle of incidence of light 
from a particular point-light source 1 a-1 c cannot be held 
substantially constant, it is possible to impart an offset- 
ting variation in the intensity of light actually emitted from 
the source. Alternatively, it is possible to control the re- 
flectance of the respective planar minors 4a-4c or to use 
afilterto ensure that the respective intensity of each unit 
of light reflected from the variable-angle mirror 5 is sub- 
stantially the same. 

[0049] An exemplary embodiment of the focusing-op- 
tical system 2 of FIG. 4 is a reflection-optical system 
such as shown in any of FIGS. 6(a)-6(c). In FIG. 6(a) a 
single mirror 21 having an ellipsoidal reflective surface 
is used to reflect light from multiple point-light sources 
(only one EUV source 7 is shown, providing a respective 
point-light source 1). By situating the point-light source 
1 at one focus of the ellipse, the other focus of the ellipse 
is the focus point 3. In FIG. 6(b) multiple mirrors 22a, 
22b (each having a respective ellipsoidal reflective sur- 
face such as the mirror shown in FIG. 6(a)) are used to 



reflect light from multiple point-light sources (only one 
EUV-light source is shown, providing a respective point- 
light source 1 ). With a mirror array such as shown in 
FIG. 6(b), the focusing solid angle from multiple point- 
s light sources 1 can be made larger than the focusing 
angle obtainable with the configuration of FIG. 6(a). In 
FIG. 6(c) an optical system 25 is used that comprises a 
concave mirror 23 and a convex mirror 24. The concave 
mirror 23 has a central aperture for passing light reflect- 
to ed from the convex mirror 24. An optical system com- 
prising such mirrors (having concentric spherical surfac- 
es) is termed a "Schwarzchild" optical system. By using 
respective aspheric surfaces for the reflective surfaces 
of the mirrors 23, 24, the focusing solid angle from the 
is point-light source 1 can be made even larger than the 
focusing solid angle realized from mirrors 23, 24 having 
spherical reflective surfaces. 

[0050] Surficial coatings are used to achieve high re- 
flectivity of EUV light from the surfaces of EUV-reflective 

20 mirrors such as any of the mirrors 21 , 22a, 22b, 23, 24 
used in the embodiments of FIGS. 6(a)-6(c). The type 
and composition of a coating are selected according to 
the angle of incidence and the wavelength of incident 
light on the mirror. If the angle of incidence is approxi- 

25 mately 10 degrees or less, total reflection is used, in 
which instance the coating comprises a thin metal film 
such as of Ru. If the angle of incidence is approximately 
1 0 degrees or more, high reflectivity requires that a mul- 
tilayer film be used. At X= 13-14 nm, a Mo/Si multilayer 

30 film is desirable. At X = 11 nm, a Mo/Be multilayer film 
is desirable. It also is possible to use a zone plate in- 
stead of the mirror. For many applications, an ellipsoidal 
mirror 21 having a surficial Mo/Si multilayer film, such 
as shown in FIG. 6(a), is used as the focusing-optical 

35 system 2. 

[0051] In the embodiment of FIG. 4, a "DMD" (Digital 
Mirror Device, as known in the art) can be used for the 
variable-angle planar mirror 5 to achieve variability of 
the mirror angle with respect to the X- and Y-axes. A 

40 DMD is fabricated using conventional semiconductor- 
manufacturing technology, and multiple mirrors desira- 
bly are formed as a mirror array. Nevertheless, the 
number of mirrors can be as few as one. 
[0052] Exemplary light-production profiles of an EUV- 

« source device, comprising multiple individual EUV-light 
sources, are shown in FIGS. 7(a)-7(b). As noted above, 
a discharge-plasma light source emits EUV light in a pul- 
satile manner. In each of FIGS. 7(a)-7(b) the abscissa 
is time and the ordinate is light-emission intensity. Light- 
so emission pulses are shown from three individual EUV- 
light sources (Light Sources A, B, C). As a particular 
EUV-light source is producing a respective light pulse, 
the other EUV point-light sources are not producing re- 
spective pulses. By controlling the sequence of light- 

55 pulse production from each of the multiple EUV-light 
sources in this coordinated mannerwhile simultaneous- 
ly changing the angle of the variable-angle planar mirror 
5 as required to reflect all the pulses along the same 
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downstream optical path, the composite light "emission" 
from the focus point 6 is substantially continuous, as 
shown in FIG. 7(a). If only one EUV-light source were 
used and operated in a substantially continuous man- 
ner, according to conventional practice, there would be 
insufficient cooling time between the necessarily closely 
spaced successive pulses. In the scheme shown in FIG. 
7(a), in contrast, adequate cooling time between suc- 
cessive pulses is provided for each of the individual 
EUV-light sources. Hence, each individual EUV-light 
source can be operated at higher power, yielding a com- 
posite beam having correspondingly greater intensity 
than achievable conventionally. 

[0053] As indicated by the "composite" profile in FIG. 
7(b), it is possible to produce a "substantially continu- 
ous" beam of EUV light that includes brief "off intervals 
between each successive pulse in the composite beam. 
These intervals can be provided to accommodate, for 
example, corresponding intervals between angle shifts 
of the mirror 5. During these intervals, any of various 
other actions can be made, such as stage movements 
between successive exposure fields. In the case of 
scanning exposure, stage-step movements can be per- 
formed during respective intervals. Since exposure de- 
fects can arise during beam interruptions occurring dur- 
ing a scanning exposure, the intervals of light-produc- 
tion interruptions desirably occur before or after an ex- 
posure scan. 

[0054] Providing adequate cooling time for the indi- 
vidual EUV-light sources and/or increasing exposure ef- 
ficiency can be achieved for reasons other than a need 
to switch light beams between individual scans. For ex- 
ample, exposure light normally is unnecessary during 
stage movements between exposure fields, during de- 
tection of alignment marks, during certain calibrations, 
etc. These times may be used advantageously for 
changing the angle of the mirror 5 and/or switching to 
the next individual EUV-light source. These times also 
can be used for cooling the individual EUV-light sources. 
The resulting more efficient use of cooling periods al- 
lows the individual EUV-light sources to be operated at 
higher power than in instances in which exposure light 
is being produced continuously. The resulting greater 
light-emission intensity can yield a more efficient expo- 
sure, 

[0055] In the embodiment of FIG. 4, the variable-an- 
gle planar mirror 5 is situated at the focus point 6. In 
such an arrangement, because the full energy of the 
EUV light is concentrated locally on the surface of the 
mirror 5 surface, the multilayer film at the focus point 6 
may heat excessively and become damaged. A second 
representative embodiment as illustrated in FIG. 8 
avoids this potential problem. In FIG. 8, components 
that are similar to corresponding components of the first 
representative embodiment have the same respective 
reference numerals and are not described further. 
[0056] Referring to FIG. 8, a variable-angle planar 
mirrors is situated at a location 50 upstream of the focus 



point 60. Respective beams from the individual EUV- 
light sources are "changed" by the mirror 5 at this loca- 
tion 50, by which is meant that the individual principal 
rays from each incident beam intersect each other at a 

5 single point at the location 50. Also, the respective 
cross-sections of the individual incident beams at this 
location 50 reveal that the individual beams are com- 
pletely "stacked" on each other (fully overlap each other) 
at this location. (The cross-sectional area of a beam at 

io this location 50 can vary slightly with incidence angle.) 
In this arrangement the individual planar mirrors 4a-4c 
(see FIG. 4) are located at respective positions (not 
shown, but located upstream of the mirror 5) that place 
the respective focus points 6a-6c of the individual 

15 beams from the EUV-light sources (if no mirror 5 were 
present) on a spherical surface 9 concentric with the lo- 
cation 50. 

In this arrangement, as the orientation angle of the pla- 
nar mirror 5 changes according to the particular individ- 

20 ual EUV-light source that is emitting light, the position 
of the focus point 60 remains constant. Thus, the out- 
puts from multiple individual point-light sources 1a-1c 
are combined to form a "secondary source" of a beam 
of light that diverges from a single fixed focus point 6. 

25 This arrangement effectively reduces the etendue of the 
EUV-source device S. 

[0057] FIG. 8 depicts the subject arrangement in a 
two-dimensional manner for simplicity. However, it will 
be understood that the individual EUV-light sources can 

30 be arranged in three dimensions. For example, in the 
exemplary embodiment shown in FIG. 1, nine hollow- 
cathode discharge-plasma light sources 7 are bundled 
and used as respective individual EUV-light sources. 
[0058] In this embodiment, the focusing-optical sys- 

35 tern 2 can be configured as a mirror array providing mul- 
tiple ellipsoidal surfaces, such as the mirrors 22a, 22b 
shown in FIG. 6(b). In such a configuration the "inner" 
mirrors 22b desirably have a thin film of Ru applied to 
their respective reflective surfaces, and the "outer" mir- 

*o rors 22a desirably have a multilayer film of Mo and Si 
applied to their respective reflective surfaces. An exem- 
plary mirror-tilting mechanism 10 (FIG. 4) is a piezo ac- 
tuator mounted to the rear surface of the mirror 5. The 
mirror-tilting mechanism desirably is operable to tilt the 

45 variable-angle planar mirror 5 relative to the X- and Y- 
axes. 

[0059] A third representative embodiment is depicted 
in FIG. 9, in which the variable-angle planar mirror 5 is 
situated downstream of the respective focus points 6a- 

50 6c of the individual EUV light beams, and upstream of 
the focus point 60. The mirror 5 is situated at a location 
at which the individual light beams from the respective 
EUV-light sources "change" (see above). The planar 
mirrors 4a-4c are situated (not shown, but located up- 

55 stream of the focus points 6a-6c) so as to place the focus 
points 6a-6c on a spherical surface 9 that is concentric 
with the location 50 at which the individual light beams 
are changed. Thus, the position of the focus point 60 
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remains constant despite changes in the orientation an- 
gle of the mirror 5 (according to the particular EUV-light 
source that is producing light). With this configuration, 
the various point-light sources 1 a-1 c produce respective 
beams that divergently propagate in a fixed direction 
from a single focus point 6. Thus, the etendue of the 
EUV-source device is effectively reduced for use with 
an illumination-optical system. 

[0060] FIG. 9 depicts the subject arrangement in a 
two-dimensional manner for simplicity. However, it will 
be understood that the individual EUV-light sources can 
be arranged in three dimensions. For example, in the 
exemplary embodiment shown in FIG. 1 , nine capillary 
discharge-plasma light sources 7 are bundled and used 
as respective individual EUV-light sources. 
[0061] In this embodiment, the focusing-optical sys- 
tem 2 can be configured as an optica! system 25, such 
as that shown in FIG. 6(c), comprising two mirrors, one 
mirror 23 being concave and the other mirror 24 being 
convex. The convex surface desirably is spherical, and 
the concave surface desirably is aspherical. Both reflec- 
tive surfaces desirably are coated with a Mo/Si multilay- 
er film. The variable-angle planar mirror 5 desirably is 
actuated for tilting relative to the X- and Y-axes using a 
piezo actuator installed at the rear surface of the mirror. 
[0062] Note that, in each of the embodiments de- 
scribed above, an example was described in which nine 
individual discharge-plasma light sources were bundled 
together. However, it will be understood that the actual 
number of individual EUV-light sources employed can 
be greater than or less than nine. As an alternative to 
discharge-plasma sources, laser-plasma light sources, 
SR sources, or other suitable light sources can be used. 
[0063] In any of the embodiments described above, 
by combining individual light beams produced by multi- 
ple point-light sources such that the composite beam 
appears to originate from a single point, that point is re- 
garded as a "secondary" EUV-light source. 
[0064] Any of the foregoing embodiments can be 
used as an EUV-source device S for a SXR (EUV) mi- 
crolithography system such as the system shown in FIG. 
3. Light from the EUV-source device S is used as an 
illumination beam for illuminating a selected region on 
a reticle. Alternatively, light from the EUV-source device 
can be used for illuminating any of various other objects. 
[0065] An EUV-source device according to the fourth 
representative embodiment is shown in FIG. 10, in 
which the operating conditions of the multiple individual 
EUV-light sources, the configuration of the focusing-op- 
tical system, and the configuration of the variable-angle 
planar mirror are similar to respective features in any of 
the first, second, and third embodiments. Also, as in the 
other embodiments described above, the individual 
EUV-light sources in the fourth representative embodi- 
ment are at respective angles relative to the axis of the 
focusing-optical system and arranged such that the di- 
rections in which light-emission intensity is strongest are 
used. Referring further to FIG. 10, divergent respective 



EUV light beams are generated from multiple individual 
point-light sources 101 a-1 01c. These beams are con- 
verged by a focusing-optical system 102. 
[0066] In FIG. 10 the focusing-optical system 102 is 
5 denoted for simplicity by a single transparent lens. How- 
ever, it will be understood that the focusing-optical sys- 
tem 102 can have any of various configurations, includ- 
ing any of the reflective configurations shown in FIGS. 
6(a)-6(c). 

w [0067] Referring further to the embodiment of FIG. 10, 
the individual point-light sources 1 01 a-1 01c have differ- 
ent respective positions, as described above. As a re- 
sult, as shown in FIG. 11, when individual respective 
beams from the point-light sources 101 a-1 01c pass 

'5 through a stationary focusing-optical system 1 02, the re- 
spective positions of the focus points 1 03a- 1 03c are cor- 
respondingly different. In this embodiment, the focus- 
ing-optical system 102 comprises a drive mechanism 
that changes the position of the focusing-optical system 

20 102 depending upon the particular point-light source 
1 01 a-1 01c that is emitting light at the current moment. 
For example, as shown in FIG. 10, whenever the point- 
light source 101 a is emitting light, the focusing-optical 
system is shifted to the position 102a; wheneverthe 

25 point-light source 1 01 b is emitting light, the focusing-op- 
tical system is shifted to the position 102b; and when- 
ever the point-light source 1 01c is emitting light, the fo- 
cusing-optical system is shifted to the position 102c. 
(The shift imparted to the focusing-optical system 102 

30 actually is a limited rotational motion about the focus 
point 1 06.) 

[0068] This motion of the focusing-optical system 1 02 
can be effected by a tilting mechanism similar to the mir- 
ror-tilting mechanism 10 used in association with the 
35 variable-angle mirror 5 in the first representative embod- 
iment. For example, the tilting mechanism can be a pi- 
ezo-electric actuator that is actuated under control by a 
controller. 

[0069] By making such coordinated shifts of the fo- 

40 cusing-optical system 1 02, the position of the focal-point 
106 remains constant for ail the point-light sources 
101 a-1 01c. Since the respective light beams generated 
from the individual point-light sources 101 a-1 01c prop- 
agate in different directions after passing through the fo- 

45 cus point 1 06, a variable-angle planar mirror 1 05 is ar- 
ranged at the location of the focus point 106. The direc- 
tion of light reflected from the mirror 1 05 is kept uniform 
by tilting the mirror 105 about the focus point 106 {i.e., 
while keeping the focus point 1 06 positioned at the cent- 

so er of the reflective surface of the mirror 1 05). 

[0070] As noted above, the individual point-light 
sources 1 01 a-1 01 c do not emit light simultaneously but 
rather sequentially. By adjusting the angle of the varia- 
ble-angle planar mirror 1 05 according to the particular 

55 point-light source currently emitting light, the direction 
of light reflected from the mirror 1 05 is identical for all 
the point-light sources. Thus, the composite light from 
all the individual point-light sources 101 a-1 01c is effec- 
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tively a secondary light that propagates divergently in a 
uniform direction from the focus point 106. Because the 
etendue of the secondary light source is substantially 
reduced compared to conventional EUV-source devic- 
es, the light from the secondary source can be used 5 
highly efficientfy with an illumination-optical system. 
[0071] FIG. 10 depicts the subject arrangement in a 
two-dimensional manner for simplicity. However, it will 
be understood that the individual EUV-light sources can 
be arranged in three dimensions. For example, in the u 
exemplary configuration shown in FIG. 12, fourZ-pinch 
discharge-plasma EUV-light sources 107a-107d are 
bundled and used as respective point-light sources. 
Note that each EUV-light source 107a-107d can have 
its own focusing-optical system 1 02a- 1 02d, respective- u 
ly. The BUV-light sources 107a-107d desirably are 
equally spaced from one another on a circle 110, and 
tilted so as to be coaxial with the respective beams pro- 
duced thereby. 

[0072] The reflectance of a multilayer-film mirror var- 20 
ies according to the angle of incidence. Hence, the angle 
of incidence of rays incident to the variable-angle planar 
mirror 105 desirably changes only a small amount with 
each change of the individual point-light source 107a- 
1 07d currently delivering light to the mirror 1 05. To sat- 25 
isfy this criterion, as shown in FIG. 12, the locus of re- 
spective principal rays from each of the individual point- 
light sources 107a-107d defines a cone, wherein the 
principal rays converge on the apex of the cone. The 
variable-angle planar mirror 1 05 is situated at the apex 30 
of the cone, which is located at the intersection of both 
rotational axes of the mirror 105. Thus, all light reflected 
from the mirror 1 05 is from the intersection of the rota- 
tional axes of the mirror 1 05, and the angle of incidence 
of all rays to the variable-angle planar mirror 1 05 is the 35 
same regardless of the particular point-light source 
1 07a-1 07d that currently is emitting light. This uniformity 
of the angle of incidence avoids changes in reflectance 
that otherwise would occur if the angle of incidence were 
changed from one point-light source to the next. (This 40 
technique also may be applied to any of the other em- 
bodiments described above.) 

[0073] In this fourth embodiment, each focusing-opti- 
cal system 1 02 can be, for example, a reflective system 
such as shown in any of FIGS. 6(a)-6(c). 45 
[0074] In the configuration shown in FIG. 1 0, the var- 
iable-angle planar mirror 105 is situated at the focus 
point 1 06. As discussed above, this configuration results 
in the concentration of high-energy EUV light at a single 
point on the surface of the mirror 105, which poses a 50 
risk of thermally damaging the multilayer film on the mir- 
ror 105 at the focus point 106. To avoid such damage, 
the mirror 105 can be placed upstream or downstream 
of fhe focus point, similar to the configurations shown in 
FIGS. 8 and 9, respectively. 55 
[0075] A fifth representative embodiment is shown in 
FIG. 13. The FIG.-13 embodiment is similar to certain 
of the embodiments described above, especially with re- 



spect to operation of the EUV-light sources, the config- 
uration of the focusing-optical system, the configuration 
of the variable-angle mirror, the angling of the light 
sources, orientation of the light sources so as to utilize 

; emitted light having the highest intensity, control of pro- 
duction, etc. In this embodiment respective divergent 
light beams generated by multiple point-light sources 
201 a-201 c (of respective EUV-light sources 207a-207c) 
are converged by respective focusing-optical systems 

> 202a-202c. 

[0076] In FIG. 1 3 each focusing-optical system 202a- 
202c is denoted for simplicity by a single respective 
transparent lens. However, it will be understood that the 
focusing-optical systems can have any of various con- 

! figurations, including any of the reflective configurations 
shown in FIGS. 6(a)-6(c). 

[0077] The EUV-hght sources 207a-207c and their re- 
spective focusing-optical systems 202a-202c desirably 
are arranged such that all the beams produced thereby 
converge at the single focus point 206. Each EUV-light 
source 207a-207c is regarded as providing a single re- 
spective point-light source 201 a-201 c. With such a con- 
figuration, the respective locations of the focus points 
from each point-light source 201a-201c are identical. 
Since the respective beams from the point-light sources 
201 a-201 c propagate in different directions after pass- 
ing through the focus point 206, a variable-angle planar 
mirror 205 is situated at the focus point 206. Thus, all 
light reflected from the mirror 205 reflects in the same 
direction by making appropriate changes in the orienta- 
tion of the mirror 205 depending upon the particular light 
source 207a-207c producing light at the current mo- 
ment. This change in orientation of the mirror 205 is 
made by tilting the mirror while maintaining the focus 
point 206 situated at the center of the minor. 
[0078] As noted above, the EUV-light sources 207a- 
207c do not emit light simultaneously but rather sequen- 
tially. By adjusting the angle of the variable-angle planar 
mirror 205 according to the particular EUV-light source 
that is emitting light, the direction of reflected light from 
the mirror 205 remains constant. As a result, light from 
all the point-light sources 201a-201c collectively be- 
comes a "secondary" source of a light beam that diver- 
gently propagates from the focus point 206 in a uniform 
direction. Thus, the etendue of the EUV-source device 
is reduced, thereby allowing an illumination-optical sys- 
tem to utilize the light efficiently. 
[0079] FIG. 13 depicts the subject arrangement in a 
two-dimensional manner for simplicity. However, it will 
be understood that the individual EUV-light sources can 
be arranged in three dimensions. For example, in the 
exemplary configuration shown in FIG. 12, four 2-pinch 
discharge-plasma light sources 1 07a-1 07d are bundled 
and used as respective EUV-light sources. 
[0080] In a configuration in which the focusing-optical 
system is a reflective system, an exemplary configura- 
tion for use with this embodiment is shown in FIGS. 14 
(a)-14(b). In FIG 14(b), eight EUV-light sources 207 are 
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arranged in a circle. In FIG 14(a), a variable-angle pla- 
nar mirror 205 is situated at the center of the circle, from 
which illumination light propagates (to the righe in the 
figure). 

[0081] in this embodiment the variable-angle planar 5 
mirror 205 is situated at the focus point 206. As dis- 
cussed above, this configuration results in the concen- 
tration of high-energy EUV light at a single point on the 
surface of the mirror 205, which poses a risk of thermally 
damaging the multilayer film on the mirror 205 at the fo- 10 
cus point 206. To avoid such damage, the mirror 205 
can be placed upstream or downstream of the focus 
point, similar to the configurations shown in FIGS. 8 and 
9, respectively. 

[0082] It will be understood that the number of individ- is 
ual EUV-light sources is not limited to, for example, the 
eight shown in FIG. 14(b). In any of the embodiments 
described herein, the actual number of EUV-light sourc- 
es can be greater than or less than the specific number 
shown or described. 20 
[0083] It also will be understood that this embodiment 
is not limited to use with discharge-plasma light sources. 
The embodiment alternatively can utilize laser-plasma 
light sources or SR sources, for example. This flexibility 
regarding the specific sources also is characteristic of 25 
the other embodiments described herein. 
The fifth representative embodiment, however, may al- 
low a freer selection of various individual light sources 
than any of the first through fourth representative em- 
bodiments. This is because, in the fifth representative 30 
embodiment, each light source has its own focusing sys- 
tem. In other embodiments, the configurations of the 
light sources are more limited by the position of a focus- 
ing system serving all the light sources. 
[0084] In any event, in any of these embodiments, 35 
multiple individual light sources are bundled without a 
corresponding increase in the etendue of the resulting 
secondary light source. This allows for more efficient uti- 
lization of illumination light produced by the EUV-source 
device than obtainable conventionally. Also, because *o 
the light from individual EUV-light sources can be com- 
bined by forming a coordinated pulse train of light col- 
lected from all the sources, adequate cooling time be- 
tween pulses is provided to each individual EUV-light 
source. This allows each individual EUV-light source to *5 
be operated at higher power than would be permissible 
if continuous operation were imposed on the individual 
EUV-light sources. 

[0085] Note that the word "point," as used for example 
in phrases such as "point-light sources" and "focus so 
point" does not necessarily denote a true point (which 
is dimension less). A "point" as used herein can have a 
practical dimension depending upon prevailing circum- 
stances, and can range, for example, from several tens 
of urn to several hundreds of urn. 55 
[0086] Whereas the invention has been described in 
the context of multiple representative embodiments, the 
invention is not limited to those embodiments. On the 
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contrary, the invention is intended to encompass all 
modifications, alternatives, and equivalents as may be 
included within the spirit and scope of the invention, as 
defined in the appended claims. 



Claims 

1. An EUV-source device, comprising: 

multiple individual EUV-light sources each pro- 
viding a respective point-light source of EUV ra- 
diation propagating as a respective beam from 
each point-light source; 
a reflective focusing-optical system situated 
downstream of the EUV-light sources, the fo- 
cusing-optical system being configured to fo- 
cus the beams from the point- light sources at a 
focus point; 

a variable-angle mirror situated downstream of 
the focusing-optical system and configured to 
reflect light of the respective beams from the 
point-light sources that has been reflected by 
the focusing-optical system; and 
a mirror-tilting mechanism coupled to the vari- 
able-angle mirror and configured, when actuat- 
ed, to tilt the mirror by a respective angle cor- 
responding to the particular beam from one of 
the point-light sources that currently is incident 
on the variable-angle mirror, thereby producing 
a composite beam of EUV light propagating in 
a constant direction from the variable-angle 
mirror. 

2. The EUV-source device of claim 1 , wherein the fo- 
cus point is situated on the surface of the variable- 
angle mirror. 

3. The EUV-source device of claim 2, wherein the fo- 
cus point is situated at a midpoint on the surface of 
the variable-angle mirror, the midpoint being an in- 
tersection of X- and Y- tilt axes of the variable-angle 
mirror. 

4. The EUV-source device of claim 1 , wherein the fo- 
cus point is situated upstream or downstream of the 
variable-angle mirror. 

5. The EUV-source device of any preceding claim, 
wherein the variable-angle mirror is planar. 

6. The EUV-source device of any preceding claim, 
wherein the individual EUV-light sources are bun- 
dled together. 

7. The EUV-source device of any preceding claim, 
wherein the individual EUV-light sources are dis- 
charge-plasma sources. 
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8. The EUV-source device of any one of claims 1 to 6, 
wherein the individual EUV-light sources are laser- 
plasma sources. 

9. The EUV-source device of any preceding claim, s 
wherein the mirror-tilting mechanism comprises a 
piezo-electric positioning device. 

10. The EUV-source device of any preceding claim, fur- 
ther comprising a controller connected to each of 10 
the EUV-light sources and to the mirror-tilting mech- 
anism, the controller being configured to route re- 
spective control commands to the EUV-light sourc- 
es and to the mirror-tilting mechanism so as, in a 
controlled manner, to cause the EUV-light sources 15 
to produce the respective beams and to actuate the 
mirror-tilting mechanism so as to contribute the re- 
spective beams to the composite beam. 

11. The EUV-source device of claim 10, wherein the 20 
controller controls production of pulsatile respective 
beams from the EUV-light sources and contribution 

of the respective beams to the composite beam 
such that the resultant pulses contributed to the 
composite beam do not overlap each other while 25 
producing a substantially continuous composite 
beam. 

12. The EUV-source device of claim 10, wherein the 
controller controls production of pulsatile respective 30 
beams from the EUV-light sources and contribution 

of the respective beams to the composite beam 
such that the respective time intervals are inter- 
posed between at least some of the pulses in the 
composite beam. 35 

13. The EUV-source device of any preceding claim, 
wherein: 

the focusing-optical system has an optical axis; 40 
the individual EUV-light sources are bundled 
together; and 

each EUV-light source is inclined relative to the 
optical axis of the focusing-optical system such 
that each respective beam provides its strong- 45 
est light-emission intensity to the focus point. 

14. The EUV-source device of any preceding claim, fur- 
ther comprising a respective planar mirror for each 
respective beam produced by the EUV-light sourc- so 
es, the planar mirrors being situated, between the 
focusing-optical system and the variable-angle mir- 
ror, along respective trajectories of the respective 
beams from the respective EUV-light sources and 
being configured to reflect the respective beam to 55 
the variable-angle mirror. 

15. The EUV-source device of any preceding claim, 



wherein: 

each of the respective beams from the EUV- 
light sources has a respective principal ray; 
the principal rays collectively define a cone 
having an axis of rotation and an apex repre- 
senting an intersection point of the principal 
rays of the respective beams; 
the variable-angle mirror is situated at the apex: 
and 

the composite beam reflected from the varia- 
ble-angle mirror has a principal ray that is co- 
axial with the axis of rotation extending down- 
stream of the variable-angle mirror. 

16. The EUV-source device of any one of claims 1 to 
13, wherein: 

each respective beam from the EUV-light 
sources has a respective focus point and a re- 
spective principal ray; 

the respective principal rays intersect each oth- 
er at an intersection point, on the reflective sur- 
face of the variable-angle mirror, at which a 
principal ray of the composite beam intersects 
the reflective surface; and 
the respective focus points are situated, up- 
stream of the variable-angle mirror, on a spher- 
ical surface that is concentric with the intersec- 
tion point. 

17. The EUV-source device of claim 16, further com- 
prising a respective planar mirror for each respec- 
tive beam produced by the EUV-light sources, each 
planar mirror being situated, upstream of the focus 
point of the respective beam from the respective 
EUV-light source, along the respective optical path 
of the respective beam from the respective EUV- 
light source and being configured to reflect the re- 
spective beam to the variable-angle mirror. 

18. The EUV-source device of any one of claims 1 to 
14, wherein: 

each respective beam from the EUV-light 
sources has a respective focus point and a re- 
spective principal ray; 

the respective principal rays intersect each oth- 
er at an intersection point, on the reflective sur- 
face of the variable-angle mirror, at which a 
principal ray of the composite beam intersects 
the reflective surface; and 
the respective focus points are situated, down- 
stream of the variable-angle mirror, on a spher- 
ical surface that is concentric with the intersec- 
tion point. 

19. The EUV-source device of any one of claims 1 to 
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14, wherein: 

each of the respective beams from the individ- 
ual EUV- light sources has a respective propa- 
gation axis and a respective focus point; and 5 
the focusing-optical system is shiftable in co- 
ordination with actuation of the EUV-light 
sources to direct the respective propagation ax- 
es to the focus point of the focusing-optical sys- 
tem such that all the respective focus points are 1 o 
coincident at the focus point of the focusing-op- 
tical system. 

20. The EUV-source device of claim 19, wherein the fo- 
cus point of the focusing-optical system is situated *5 
on the surface of the variable-angle mirror. 

21. The EUV-source device of claim 19, further com- 
prising: 

20 

a focusing-system actuator coupled to the fo- 
cusing-optical system so as to cause shifting of 
the focusing-optical system; and 
a controller connected to each of the EUV-light 
sources and to the focusing-system actuator, 25 
the controller being configured to route respec- 
tive control commands to the EUV-light sources 
and to the focusing-system actuator so as, in a 
controlled manner, to cause the EUV-light 
sources to produce the respective beams and 30 
to actuate the focusing-system actuator so as 
to contribute the respective beams to the com- 
posite beam. 

22. The EUV-source device of any one of claims 1 to 35 
14, wherein the focusing-optical system comprises 

a separate individual focusing-optical system asso- 
ciated with each respective EUV-light source 

23. The EUV-source device of any one of claims 1 to 9, 40 
further comprising a controller connected to each of 

the individual EUV-light sources, the controller be- 
ing configured to actuate the EUV-light sources in 
a controlled manner such that only one respective 
EUV-light source is producing its respective beam 45 
at a given instant in time. 

24. In combination: 

an EUV-optical system; and 
an EUV-source device according to any pre- 
ceding claim that directs an illumination beam 
to the EUV-optical system. 

25. An EUV-microlithography system, comprising: 

an illumination-optical system situated and 
configured to direct an EUV illumination beam 



to a pattern-defining reticle; 
an EUV-source device according to any one of 
claims 1 to 24 that directs the illumination beam 
to the illumination-optical system; and 
a projection-optical system situated down- 
stream of the illumination-optical system, the 
projection-optical system being configured to 
form an image, of a region of the reticle illumi- 
nated by the illumination beam, on a corre- 
sponding region of a substrate. 

26. A method for producing a beam of EUV radiation, 
the method comprising: 

producing respective beams of EUV light from 
multiple selectively activatable EUV-light 
sources, the respective beams having respec- 
tive principal rays; 

directing the respective beams in a manner 
causing the respective principal rays to inter- 
sect each other at an intersection point and fo- 
cusing each of the beams at a focus point; and 
at the intersection point, reflecting light of the 
respective beams from the focusing-optical 
system to form a composite beam propagating 
in a constant direction. 

27. The method of claim 26, wherein: 

the reflecting step comprises providing a vari- 
able-angle mirror at the intersection point; and 
selectively tilting the variable angle mirror in co- 
ordination with the selective activation of the 
EUV-light sources so as to contribute each re- 
spective beam from an actuated EUV-light 
source to the composite beam propagating in 
the constant direction. 

28. The method of claim 26 or 27, wherein: 

each of the EUV-light sources produces re- 
spective pulses of EUV light; and 
the producing step comprises controlling acti- 
vation of each of the EUV-light sources such 
that light pulses from multiple EUV-light sourc- 
es are contributed to the composite beam in a 
manner in which the contributed pulses do not 
overlap each other. 



50 29. The method of claim 26 or 27, wherein: 

each of the EUV-light sources produces re- 
spective pulses of EUV light; and 
the producing step comprises controlling acti- 
55 vation of each of the EUV-light sources such 

that light pulses from multiple EUV-light sourc- 
es are contributed to the composite beam in a 
manner in which selected time intervals are in- 
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terposed between at least some of the contrib- 
uted pulses In the composite beam. 

30. The method of any one of claims 26 to 29, further 
comprising the step of preliminarily reflecting each 5 
of the respective beams from the EUV-light sources 
before reflecting the respective beams at the inter- 
section point. 



31 . The method of claim 30, wherein the preliminary re- 10 
flection step comprises: 

providing a respective planar mirror for each re- 
spective beam produced by the EU V-light 
sources; and 15 
placing the planar mirrors along respective tra- 
jectories of the respective beams, so as to re- 
flect the respective beams to the intersection 
point. 

20 

32. The method of any one of claims 26 to 31 , further 
comprising orienting each EUV-light source relative 
to the intersection point so as to deliver a highest 
respective intensity of EUV light at the intersection 
point. 25 

33. The method of any one of claims 26 to 32, wherein 
the directing step comprises passing the respective 
beams from the EUV-light sources collectively 
through a stationary focusing-optical system. 30 

34. The method of claim 33, further comprising the step 
of shifting the focusing-optical system as required 
to cause the respective principal rays of the respec- 
tive beams from the EUV-light sources to intersect 35 
each other at the intersection point. 



35. The method of any one of claims 26 to 32, wherein 
the directing step comprises passing the respective 
beams from the EUV-light sources through respec- 40 
tive focusing-optical systems. 

36. A method for reducing the etendue of an EUV- 
source device that forms an illumination beam from 
multiple EUV-light sources, the method comprising: 45 



producing respective beams of EUV light from 
multiple selectively activatable EUV-light 
sources, the respective beams having respec- 
tive principal rays; 50 
directing the respective beams in a manner 
causing the respective principal rays to inter- 
sect each other at an intersection point and fo- 
cusing each of the beams at a focus point; and 
at the intersection point, reflecting light of the 55 
respective beams from the focusing-optical 
system to form a composite illumination beam 
propagating in a constant direction. 
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